Abstract: In this paper, we design, fabricate, and test a PVAc-based benzophenone-8 (PVAcB-8) emission filter to monitor calcium changes in live neurons. We loaded neurons with fura-2 AM, a calcium-sensitive fluorescent dye, which has dual excitation wavelengths at 340 nm, 380 nm with ratiometric emission at 510 nm. To attenuate excitation wavelengths in the UV region and transmit emission light at 510 nm, benzophenone-8 absorption dye was selected as it exhibits high attenuation across 300 to 400 nm. Measurements on the PVAcB-8 filter revealed an attenuation of approximately two and a half orders of magnitude, which is sufficient to collect fluorescence signal from fura-2 AM loaded neurons. The PVAcB-8 filter was compared with a commercially available dichroic filter and proven more efficient in fluorescent imaging.
Introduction
Biomedical systems on-a-chip have drawn the attention of many researchers over the past decade due to various promising applications. Miniaturized on-chip systems apart from being cheap and portable are also comparable in performance to commercially available bulky systems [1] - [5] . Most conventional fluorescent microscopy systems use state-of-the-art optical components including powerful excitation sources to excite the fluorophore of interest, dichroic emission filters to block the excitation wavelengths and transmit emission wavelengths selectively, and a highly sensitive photodetector to sense the weak fluorescent signal. However, the use of these dichroic filter modules as an emission filter for an on-chip fluorescent system makes it expensive and bulky. Hence, there have been attempts at designing thin interference filters for on-chip emission filters to replace the dichroic filters [4] - [7] . Singh et al. (2010) demonstrated that a thin film-based optical interference filter could act as an emission filter in contact fluorescence imaging, but is dependent on the angle of incident light. However, in addition to being expensive to fabricate they are complex in design and also tough to remove from the sensor, hindering the reusability of the devices [4] . In contrast, absorption-based chemical dye filters are easy to design, fabricate and also inexpensive.
In this paper, we present the design, fabrication and verification of a PVAc-based benzophenone-8 (PVAcB-8) emission filter for calcium imaging of live neuronal cells. The simplicity in design and fabrication of this filter makes it more efficient. Furthermore, the ability to easily remove the filter from the detector's surface allows for the reusability of the sensors. We first briefly describe the design and fabrication of the PVAcB-8 emission filter and then test the filter using fura-2 AM solution at varying concentrations followed by calcium imaging in live neurons using PVAcB-8 emission filter. Finally, we describe the experimental comparison of benzophenone-8 emission filter with the dichroic emission filters used in commercially available fluorescence microscopes.
Design and Fabrication of PVAcB-8 Filter
Fura-2 AM is a ratiometric fluorescent dye that allows the measurement of precise concentrations of calcium. The dye has two excitation wavelengths 340 and 380 nm which correspond to calcium bound and unbound states accordingly. Hence, when calcium levels increase, the emission from 340 nm excitation will increase while the emission from 380 nm excitation will decrease. Therefore, the filter must efficiently attenuate between the 300 nm to 400 nm range and must be highly transmissive at 510 nm due to the fluorescent properties of fura-2 AM.
There were several other criteria that were considered while designing absorption-based emission filters for contact imaging. First, since this filter would be in direct contact with neurons, the material used for fabrication needed to be biocompatible. Secondly, filter fabrication had to be simple, inexpensive and yield a uniform thin film upon coating. Keeping these criteria in mind, PVAc was chosen for its optically transparent, inexpensive and biocompatible properties. It is simple to make a PVAc-based filter, which has high solubility in methanol and dries up in air to harden, requiring no polymerization process like other polymers (i.e., hydrogels).
In order to attenuate light at the UV region and transmit fluorescent light, benzophenone-8 dye was mixed with a PVAc solution. Benzophenone-8 is a well-known UV absorber, especially in the 300 nm to 400 nm region. Fig. 1 shows the schematic of the desired transmission spectrum for imaging fura-2 AM-based fluorescence.
According to Beer Lambert's Law for absorbance, A ¼ " Ã l Ã c where, " is the molar absorptivity, l is the thickness of the filter and c is the molar concentration of the absorption dye. Hence, once the absorption dye is chosen, " is fixed and the two other parameters l and c can to be optimized. The thickness and uniformity of the filter plays an important role in contact imaging of neurons and hence PVAcB-8 solution was coated using the spin coating technique, which creates a very thin and uniform layer of PVAcB-8. It has been shown that for better imaging and to obtain good contrast, the thickness of the filter must be less than 100 m [9] . We chose 20 m as the thickness of the filter, which was obtained with a spin speed of 600 rpm. A smaller filter thickness could not be consistently reproduced with good results, as the filter would dry with an uneven surface when coated thinner than 20 m. On the other hand, a thicker filter was not desirable, because it would cause unnecessary dissipation of fluorescent emission light. Also, a thicker filter is not necessary, as described in the results below. The concentration of benzophenone-8 dye in PVAc solution is optimized to 0.1 g/ml, after which increases in the concentration of benzophenone-8 does not further affect absorbance in the UV region. Fig. 2 shows the image of PVAcB-8 emission filter fabricated using a spin coating technique at ISIS and AMIF labs at the University of Calgary.
Measurements Done With the PVAcB-8 Filter
The absorption spectrum of the PVAcB-8 emission filter was measured using a Newport Monochromator 77700 and PMT-based optical power meter. As seen in Fig. 3 , attenuation at 340 nm and 380 nm is 25 dB and transmission at 510 nm is about À0.5 dB which is equivalent to $90% of transmission. In order to verify whether two and a half orders of attenuation for excitation light is sufficient to image live neurons, a tiny drop of fura-2 AM solution with varying concentration (50 M, 20 M, and 10 M) was imaged through the PVAcB-8 filter. The fura-2 AM (Invitrogen, F1221) was prepared by dissolving 50 g aliquots in 10 L of DMSO. To achieve the varying concentrations, the stock was further diluted into our cell culture media; defined media (Serum-free 50% L-15 medium with 20 g/ml gentamicin and added inorganic salts at mM: 40 NaCl, 1.7 KCl, 4.1 CaCl 2 , 1.5 MgCl 2 , and 10 HEPES, pH 7.9; Invitrogen, San Diego, CA, USA, special order). To test the emission of fura-2 AM on the filters, PVAcB-8 was coated on a glass slide 22 by 42 millimeters. A 5 L volume of the different concentrations of fura-2 AM were added to the center of the filter and a single excitation wavelength of 380 nm was used to excite the solution. The fluorescence intensity of fura-2 AM can be modeled as: FI 380 c Ã ½Ca 2þ where FI is the fluorescent intensity, c is the concentration of fura-2 AM used to load the neurons and ½Ca 2þ is the concentration of calcium. We used a Zeiss (Axiovert 200 m) fluorescence microscope without using the dichroic filters from the microscope. A schematic of the fluorescence microscope setup for testing PVAcB-8 emission filter is shown in Fig. 4 . Fluorescent signal intensity from a fura-2 AM drop decreased with decreasing concentrations see Fig. 5 . 
Fluorescent Imaging of Calcium Levels in Live Neurons Through the PVAcB-8 Filter
Lymnaea stagnalis neurons were used for fluorescent imaging in our experiments. Neurons were cultured on PVAcB-8 filters and allowed to grow overnight. The following day, the cells were loaded in a 10 M solution of fura-2 AM (cell permeable variant) for 60 minutes and then washed with culture media. Images of neurons were taken before and after loading fura-2 AM to control for the effects of auto-fluorescence from neurons. However, we found that no auto-fluorescence at excitation wavelengths of 340 nm and 380 nm was detected. Fig. 6 shows the fluorescence from the neuron after loading with fura-2 AM solution at 340 nm and 380 nm excitation wavelengths.
To demonstrate utility of this filter for live cell imaging, we performed sharp electrode intracellular stimulation on the neurons. As cellular activity is linked with increases in intracellular calcium levels, we tested the filter for its ability to detect transient changes in Ca 2þ via fura-2 AM imaging. Specifically, while imaging fura-2 AM fluorescence, we triggered both short and long pulses of tetanic stimulation (high frequency stimulation) in the neurons. We observed that during short pulses of stimulation, small changes in Ca 2þ levels were observed while longer tetanic pulses resulted in larger changes in Ca 2þ levels. Fig. 7(a) shows the stimulation of neurons via sharp electrode and Fig. 7(b) its corresponding rise and fall of ratiometric fluorescent signal at excitation wavelengths 
Comparison of PVAcB-8 Filter with Dichroic Filters
Apart from attenuating the excitation wavelengths in the UV region, PVAcB-8 is very efficient in transmitting the fluorescent signal. Commercially available dichroic filters in the Zeiss fluorescent microscope were compared with the benzophenone-8-based filter. To do this, all imaging parameters such as the excitation source intensity, the camera used for imaging, etc.were kept constant between the two tests. To make this comparison possible, one side of a glass slide was spin coated with PVAcB-8 filter and cells were cultured on the opposing glass surface side. Neurons were first imaged with the benzophenone-8 filter. Upon completion, the benzophenone-8 filter was carefully removed using methanol and the same cells were imaged using the dichroic filter components of the commercial Zeiss-based system. The system is shown in Fig. 9 . Specifically, we first loaded the neurons with fura-2 AM and measured fluorescence with the PVAcB-8 filter at 340 nm excitation and 380 nm excitation at 650 ms integration time. Next, we removed the PVAcB-8 filter and captured fluorescent images of the same neurons using the dichroic filter cube at 340 nm and 380 nm excitation light at 650 ms. To obtain similar fluorescent levels with the dichroic filter, the integration time was increased to 1800 ms. To allow for this comparison, no other parameters such as objective power, light power, camera offset, camera gain, etc.were changed except for the integration time. This comparison experiment was conducted on 18 different neurons and sample images from one of the comparison experiments are presented in Fig. 10 . To quantify the fluorescent levels, the mean gray value (MGV) from the fluorescent images were measured and calculated at 650 ms and 1800 ms integration time via equation (1). In the equation, A neuron is the area of the neuron and Iðx ; y Þ is the gray level of a pixel at coordinates ðx ; y Þ. The mean gray value varies between 0 to 256 where 0 is a complete darkness and 256 is at saturation. We then calculated the average of the mean gray values for both excitation wavelengths at 340 nm and 380 nm. For the dichroic filter, the mean gray value was calculated separately for 650 ms and 1800 ms integration time. The results are presented in Table 1 . It was observed that at a 650 ms integration time, neurons imaged with the PVAcB-8 filter showed a MGV of 81.48 when excited with 340 nm and a MGV of 30.86 when excited with 380 nm. When we switched to the dichroic filter cube, at the same 650 ms integration time, a significantly weaker (Paired T-test; p G 0:001) fluorescent signal was observed at 340 nm excitation ðMGV ¼ 9:51Þ compared to the PVAcB-8 filter ðMGV ¼ 81:48Þ. Further, we compared the MGV (650 ms integration time) obtained at excitation of 380 nm and showed a significant (Paired T-test; p G 0:001) reduction from 18.52 obtained on the PVAcB-8 filter to zero when obtained with the dichroic cube. The fluorescent signal intensity, when using the dichroic filter cube, was only comparable to the fluorescence signal intensity obtained with the PVAcB-8 filter (650 ms integration time) when integration time was increased to 1800 ms, approximately three times greater than what is required in the PVAcB-8 filter.
To explain these results the Zeiss filter cube for fluorescence emission was inspected. It was found that the cube contains emission filter (EF) and a dichroic mirror (DM) designed for fura-2 AM fluorescent imaging. The EF and the DM were manufactured by Chroma Technology Corporation and the transmission data of the EF, DM and their combination as supplied by the manufacturer [10] was compared to the PVAcB-8 transmission spectrum as shown in Fig. 11 . It can be seen from Fig. 11 that the PVAcB-8 filter offers superior transmission in the 460 nm-560 nm wavelength range. Fig. 12 shows the transmission spectra of the cube and the PVAcB-8 filter overlaid with the fura-2 AM excitation and fluorescence spectra [11] . The fura-2 AM spectrum used, is of Ca 2þ saturated fura-2 AM in a pH 7.2 buffer. It was observed that the dichroic cube transmits only part of fluorescence signal, while the PVAcB-8 filter transmits the majority of fluorescence signal which makes PVAcB-8 filter a more efficient emission filter.
Conclusion
In summary, in this work we demonstrate the utility of the PVAcB-8 filter to attenuate excitation wavelengths in the UV region and transmit emission light at 510 nm. Measurements on PVAcB-8 filter revealed an attenuation of approximately two and a half orders of magnitude which was sufficient for collecting fluorescent signal from fura-2 AM loaded live neurons. Transmission of the fluorescent signal at 510 nm is proven to be more efficient with our filter than with the commercially available dichroic filters. We conclude that a PVAcB-8 filter can be more efficient due to its increased sensitivity performance, ease of fabrication and low cost compared to other options such as thin film interference filter and dichroic filters. More importantly, this filter can be an excellent addition to an imagerbased Lab-on-Chip system.
